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currents. Under these conditions, 15 mM K ϩ induced prolonged action currents and 40 mM K ϩ transformed the action current pattern into a continuous inward current. Correspondingly, 15 mM K ϩ led to an oscillatory increase and 40 mM K ϩ to a plateau of [Ca 2ϩ ]i superimposed on the [Ca 2ϩ ]i elevated by sulfonylurea plus TEA. Raising K ϩ to 15 or 40 mM in the presence of sulfonylurea (ϮTEA) led to a fast further increase of insulin secretion. This was reduced to basal levels by nifedipine or CoCl2. The effects of 15 mM K ϩ on depolarization, action currents, and insulin secretion were mimicked by adding 35 mM Cs ϩ and those of 40 mM K ϩ by adding 35 mM Rb ϩ , in parallel with their ability to substitute for K ϩ as permeant cation. In conclusion, the alkali metals K ϩ , Rb ϩ , or Cs ϩ concentration-dependently transform the pattern of Ca 2ϩ influx into the ␤-cell and may thus generate stimuli of supraphysiological strength for insulin secretion. cytosolic calcium concentration; adenosine 5=-triphosphate-sensitive potassium channel; pancreatic islets; plasma membrane potential THE DEPOLARIZATION OF THE ␤-cell plasma membrane by a high extracellular K ϩ concentration is a widely used experimental tool to explore the mechanisms of insulin secretion. That this tool is still relevant today is due, somewhat paradoxically, to the realization that the stimulation of insulin secretion by glucose and other nutrient secretagogues involves a bifurcating pathway, with one branch acting via plasma membrane depolarization and another branch circumventing the depolarization of the plasma membrane (6, 15) . Because the depolarization is a function of the ATP-sensitive K ϩ (K ATP ) channel activity, the latter branch has initially been termed the K ATP channelindependent pathway (26) . Later, the term "amplifying pathway" was introduced to emphasize that this pathway does not initiate (trigger) the secretory response to a stimulus but augments the response size (11) .
Thus the experimental protocol to demonstrate the existence of amplifying mechanisms consists in providing the triggering signal and then varying the availability and/or processing of the nutrient secretagogues. The triggering signal can be provided by pharmacological closure of the K ATP channel (15) or by K ϩ depolarization in conjunction with the pharmacological opening of K ATP channels, e.g., by diazoxide (5, 6) . The permanent opening of K ATP channel serves the purpose to uncouple the triggering signal from the metabolism of the nutrient secretagogues (11) . The pharmacological closure of the K ATP channels is usually achieved by sulfonylureas, which have since long been discussed to have additional sites of action at the pancreatic ␤-cell (4, 31) . The K ϩ depolarization has the theoretical advantage that additional, intracellular sites of action are unlikely to play a role, but diazoxide may interfere with mitochondrial function (8) .
Based on considerations of the spike-and-wave depolarization of nutrient secretagogues, a concentration of 30 mM KCl has been proposed to mimic the depolarization by nutrient secretagogues (1), but higher concentrations (40 mM and even up to 70 mM) are in continued use (2, 13, 25) . However, the spike-and-wave depolarization pattern following K ATP channel closure may contain relevant information beyond the integral of Ca 2ϩ influx, which would be impossible to reproduce with the simple plateau pattern of K ϩ depolarization. Recently, it was observed that a depolarization by 15 mM KCl is practically unable to elicit insulin secretion, even though the plasma membrane was depolarized by Ͼ20 mV, which was sufficient to elicit a robust increase in [Ca 2ϩ ] i by influx through voltage-dependent Ca 2ϩ channels (VDCC) (10) . The current consensus model would have predicted that this sequence of events should lead to a first phase-like secretion by mobilization of the limited readily releasable pool of granules (20) . Instead, the immediate secretory response increased exponentially with increasing K ϩ concentration, whereas the depolarizing effect approached saturation (29) .
As with any pharmacological tool, the effects of K ϩ depolarization may not only change quantitatively but also qualitatively with increasing concentrations, so the question came up as to whether the minimal secretory response to a significant depolarization was simply due to a subthreshold Ca 2ϩ increase or whether the characteristics of Ca 2ϩ influx change with higher K ϩ concentrations, resulting in increased efficiency of the Ca 2ϩ influx to stimulate the granule fusion and/or translocation. Our present observations suggest that the latter is the case, offering thus an explanation for the exponential increase of the immediate secretory response.
MATERIALS AND METHODS
Chemicals. Tolbutamide was obtained from Serva (Heidelberg, Germany), fura PE3-AM from TEF Labs (Austin, TX), and fluo 4 from Invitrogen (Darmstdt, Germany). Collagenase NB8 was pur-chased from Nordmark (Uetersen, Germany), collagen (type I), cesium chloride (99.9% pure), cobalt chloride (99% pure), glipizide, nifedipine, and rubidium chloride (99.8% pure) were from Sigma (Taufkirchen, Germany), and cell culture medium RPMI 1640 and fetal bovine serum were from GIBCO/Invitrogen (Karlsruhe, Germany). D600 (methoxyverapamil) was from Knoll/BASF (Ludwigshafen, Germany). All other reagents of analytical grade were from Merck (Darmstadt, Germany). Ethics approval was obtained from the regional authority for animal welfare (LAVES, Oldenburg, Germany).
Tissue and cell culture. Islets were isolated from the pancreas of NMRI mice by a collagenase digestion technique and hand-picked under a stereomicroscope. Single cells were obtained by incubation of the islets for 10 min in a Ca 2ϩ -free medium and subsequent vortexmixing for 1 min. Islets and single islet cells were cultured in cell culture medium RPMI 1640 with 10% fetal calf serum (10 mM glucose until attachment, thereafter 5 mM glucose) in a humidified atmosphere of 95% air and 5% CO 2 at 37°C and were used within 3 days.
Measurement of insulin secretion. Batches of 50 NMRI mouse islets were introduced in a purpose-made perifusion chamber (37°C) and perifused with a HEPES-buffered Krebs-Ringer medium (2 mg/ml BSA) saturated with 95% O 2 and 5% CO2, which contained the respective secretagogue. During phases of K ϩ depolarization, there was no reduction of the Na ϩ concentration (often done to avoid the hyperosmolarity of the incubation medium), since hyperosmolarity as such was shown to have only a modest effect on depolarizationinduced insulin secretion, whereas the reduction of the Na ϩ concentration has a complex enhancing effect (29) . The insulin content in the fractionated efflux was determined by ELISA (Mercodia, Uppsala, Sweden).
Electrophysiological recordings. The membrane potential of single ␤-cells was measured by the perforated-patch configuration, and the current response to hyper-and depolarizing voltage steps was registered in the conventional whole cell mode (9, 24) . Pipettes were pulled from borosilicate glass (2 mm OD, 1.4 mm ID) by a two-stage vertical puller (List Electronic, Darmstadt, Germany) and had resistances between 3 and 6 M⍀ when filled with solution. The compositions of the bath and pipette media were as given by Zünkler et al. (32) . Currents and voltages were recorded by an EPC 7 patch-clamp amplifier (HEKA, Lambrecht, Germany), low pass-filtered by a fourpole Bessel filter at 2 kHz, and stored on a video tape. Exposure was done by a slow bath perfusion system, mimicking the conditions of the secretion measurements. Experiments were normally performed at room temperature (20 -22°C) . Data were analyzed off-line using pClamp 6.03 software (Axon Instruments, Foster City, CA).
Microfluorimetric measurements of the cytosolic Ca 2ϩ concentration. Intact islets from NMRI mice were cultured on collagen-coated glass cover slips in petri dishes and were used from day 2 to 4 after isolation. Fura PE3-AM was loaded at a concentration of 2 M for 45 min at 37°C. The cover slip with the attached islet was inserted in a purpose-made perifusion chamber (35°C) on the stage of an epifluorescence microscope equipped with a thermostated objective (Zeiss Fluar ϫ40, 1.3 NA). The islet was perifused with a HEPES-buffered Krebs-Ringer medium that was saturated with 95% O2 and 5% CO2. The fluorescence (excitation at 340 or 380 nm, emission Ͼ470 nm) was recorded by a slow-scan CCD camera (TILL Photonics, Gräfelf-ing, Germany). In some experiments, cytosolic Ca 2ϩ concentration ([Ca 2ϩ ]i) and insulin secretion were determined simultaneously. To this end, three freshly isolated islets loaded with fura PE3-AM were inserted in a purpose-made thermostated chamber (37°C), and the fluorescence was excited as above. The emission (one region of interest per islet) was collected with a long-distance Zeiss Fluar objective (ϫ10, 0.5 NA) and registered with a cooled CCD camera (Pursuit; Diagnostics Instruments, Sterling Heights, MI). The insulin content of the fractionated efflux was determined by an ultrasensitive ELISA (Mercodia). The [Ca 2ϩ ]i of single islet cells on the stage of the patch-clamp microscope was measured using fluo 4 (loaded at a concentration of 1 M for 20 min at 37°C). Excitation was at 490 nm, and the emission (Ͼ510 nm) was measured by a photon-counting multiplier (Hamamatsu H6240 -01) at 2 or 20 Hz under control of the Labtech Notebook.
Statistics. All statistic calculations were performed using Graphpad Prism4 software (GraphPad, La Jolla, CA). If not stated otherwise, the unpaired two-tailed Student's t-test was used, regarding P Ͻ 0.05 as significant.
RESULTS
The effect of 15 the fura ratio by 20 mM glucose and that by 15 mM K ϩ were not significantly different, whereas both were smaller than that produced by 40 mM K ϩ (Fig. 1B) . The depolarization following K ATP channel block, such as produced by glucose or the sulfonylurea tolbutamide, generated action potentials occurring superimposed on a plateau depolarization, whereas depolarization by high extracellular K ϩ resulted in a pure plateau depolarization (Fig. 2) . The strength of the depolarization by a given K ϩ concentration corresponded to the Goldman-Hodgkin-Katz equation (Fig.  2A) . ␤-Cell action potentials were completely inhibitable by 10 M nifedipine, an inhibitor of L-type Ca 2ϩ channels (Fig. 2, A and B). In contrast, nifedipine had only a very small repolarizing effect on the plateau potential by 40 mM K ϩ ( Fig. 2A ). The plateau potential established by 40 mM K ϩ was further depolarized by tolbutamide (Fig. 2B ). When added in the presence of 15 mM K ϩ , however, tolbutamide generated action potentials (Fig. 2C ). Increasing the K ϩ concentration in the presence of tolbutamide diminished the action potential amplitude and elevated the plateau level. At 40 mM K ϩ , action potentials were no longer identifiable (Fig. 2C) . At 15 mM K ϩ , there was a difference of about 2 mV between the level of the pure K ϩ depolarization and the plateau level in the additional presence of tolbutamide. This difference became larger with increasing K ϩ concentrations (compare Fig. 2 , B and C). To assess how much the Ca 2ϩ influx contributed to the depolarization by 15 or 40 mM K ϩ , the repolarizing effect of 10 M nifedipine on ␤-cell membrane potential was measured compared with that of 2.5 mM CoCl 2 (Fig. 3) . In the presence of 15 mM K ϩ , nifedipine reduced the depolarizing Ca 2ϩ influx by 1.17 Ϯ 0.18 mV, significantly less than CoCl 2 , which reduced by 2.92 Ϯ 0.38 mV (P ϭ 0.014, n ϭ 4 each, Fig. 3A ). In the presence of 40 mM K ϩ , nifedipine reduced the depolarization by 1.50 Ϯ 0.39 mV and CoCl 2 by 6.09 Ϯ 1.06 mV (P ϭ 0.006, n ϭ 4 each, Fig. 3B ). Thus, with both K ϩ concentrations, part of the Ca 2ϩ influx was not inhibitable by nifedipine. This difference between nifedipine and CoCl 2 was also visible when 10 mM TEA was additionally present to minimize K ϩ currents (data not shown). The relation between the magnitude of K ϩ and Ca 2ϩ currents in intact ␤-cells was characterized using a voltage-clamp protocol with a holding potential of Ϫ60 mV and hyper-and A: 15 and 40 mM K ϩ produced a plateau depolarization; the effect size is indicated by the dashed arrows 1 and 2. Nifedipine (Nife, 10 M) had only a small repolarizing effect in the presence of 40 mM K ϩ but abolished action potential depolarizations generated by glucose-induced KATP channel closure. B: like glucose, 500 M tolbutamide (Tolb) generated action potentials that were susceptible to the inhibitory effect of 10 M nifedipine. When added to a preexistent depolarization by 40 mM K ϩ (dotted line), 500 M tolbutamide did not generate action potentials but depolarized the plateau further. C: when added to a preexistent depolarization by 15 mM K ϩ , 500 M tolbutamide generated action potentials. Raising the K ϩ concentration in the presence of tolbutamide diminished the amplitude and finally abolished action potentials. Note the stronger depolarization compared with the levels established by 15 depolarizing steps of 10 mV (Fig. 4) . At 5.6 mM K ϩ and Ϫ70 mV, there was no net transmembrane current. K ϩ at 15 mM caused a mean inward current of about 250 pA and depolarization by 40 mM K ϩ a mean inward current of about 500 pA. Hyper-and depolarizing voltage steps led to currents of comparable amplitude that persisted for the entire duration of the step (Fig. 4B, left) . In the presence of maximally effective concentrations of sulfonylurea and TEA to block the K ϩ conductance, currents were only produced by depolarizing steps (Fig. 4B, right) . The resulting inward currents were smaller by one order of magnitude and receded spontaneously before the voltage was switched back to the holding level.
Assuming that these currents correspond to the depolarization-induced Ca 2ϩ influx, this protocol was used to characterize voltage-dependent Ca 2ϩ influx at different levels of continuous depolarization, such as produced by high external K ϩ (Fig. 5) . At Ϫ50 mV, no spontaneous action current occurred. The triggered current in response to 10 mV depolarization had an amplitude of 60.7 Ϯ 5.8 pA. At a holding potential of Ϫ40 mV, inward currents occurred at a rate of ca. 3 s Ϫ1 . In response to a depolarizing step of 10 mV, the peak current was now 52.2 Ϯ 3.2 pA. At a holding potential of Ϫ30 mV, frequency and amplitude of the spontaneous activity receded markedly (0.5 Ϯ 0.1 Hz, P ϭ 0.02, t-test). Upon addition of 10 M nifedipine only capacitive currents remained visible in response to the triggering (Fig. 5A) . The decrease in peak current amplitude produced by elevating the holding potential from Ϫ40 to Ϫ30 mV was quickly reversible upon return to Ϫ40 mV, and again only capacitive currents remained in the presence of nifedipine (Fig. 5B) .
There is a discrepancy between the complete block by nifedipine of action currents triggered by voltage-clamp ϩ on the ␤-cell plasma membrane current and potential was measured in the whole cell configuration. A: the current was elicited by hyper-and depolarizing steps of 10 mV from a holding potential of Ϫ60 mV. The zero current level is given by the dashed black line. The membrane potential was measured during intermittent phases of current clamp, as indicated by the black boxes. It can be seen that, in the range of Ϫ70 to Ϫ50 mV, a net inward current persisted both at 15 and at 40 mM K ϩ . At 5.6 mM K ϩ , a zero current was established at Ϫ70 mV, representing thus the Nernst equilibrium for this concentration. B: when shown on an expanded time scale, it becomes clear that the current levels persist for the whole lengths of the hyper-or depolarized voltage levels (left). When the K ϩ conductance was blocked by 2.7 M glipizide (Glip) and 10 mM TEA (right), the hyperpolarizing steps induce no longer transmembrane but only capacitive currents, and the depolarizing steps trigger spontaneously terminating inward currents (arrows). Note the different y-scales. Representative traces for 4 experiments each. depolarization (Fig. 5 ) and the incomplete repolarizing effect compared with CoCl 2 during K ϩ depolarization (Fig.  3) . Therefore, effects of high K ϩ on membrane currents beyond depolarization were investigated. This was done by measuring the whole cell current in the presence of tolbutamide (500 M) and TEA (10 mM) and setting the holding potential at Ϫ40 mV, which allowed continuous spike activity as shown in Fig. 5 . When stable registrations were achieved, K ϩ was raised from the physiological concentration to 15 or 40 mM.
Raising the K ϩ concentration to 15 mM induced two changes as follows: 1) instead of regular action currents (duration 98 Ϯ 13 ms), drastically prolonged inward currents (1,068 Ϯ 218 ms) with a diminished amplitude appeared, and 2) the electrically silent phases differed significantly from the zero current level, suggesting the existence of a constant inward current. Both effects could be antagonized by 10 M nifedipine or 2.5 mM CoCl 2 (Fig. 6, A and B) . When the K ϩ concentration was raised from physiological to 40 mM, action currents disappeared entirely, after a short transition with prolonged action currents. Instead, a continuous inward current was observed (Fig. 6, C and D) . It was not significantly affected by 10 M nifedipine but significantly reduced by 50 M D600 (by 33%) and strongly diminished by 2.5 mM CoCl 2 (by 72%, Fig. 6, C, D, and E) . To clarify whether the effect of K ϩ can be described as a concentration-dependent prolongation of Ca 2ϩ influx, the duration of single action currents was measured, which were triggered by a depolarizing step from Ϫ50 to Ϫ40 mV. Under this condition, 15 mM K ϩ led to a highly significant increase by 25% (Fig. 6F) .
The consequences on [Ca 2ϩ ] i of single ␤-cells were then tested by raising the K ϩ concentration in the presence of 500 M tolbutamide and 10 mM TEA as in the voltage-clamp experiments (Fig. 7) . Tolbutamide and TEA led to a strong increase of the fluo 4 fluorescence, which began to decline spontaneously after 3-5 min. K ϩ at 15 mM led to the occurrence of an oscillatory increase superimposed on the [Ca 2ϩ ] i elevated by tolbutamide and TEA. Raising K ϩ further to 40 mM resulted in a renewed increase of [Ca 2ϩ ] i . Here, no oscillations were seen (Fig. 7A) . In this situation, nifedipine and CoCl 2 decreased the fluo 4 fluorescence down to prestimulatory levels (Fig. 7B) . (Fig. 8, A and B) . In contrast to the vastly different insulinotropic effect of 15 and 40 mM K ϩ at basal glucose (see Fig. 1A ), both concentrations now induced a marked, first phase-like increase of secretion by perifused islets, superimposed on the elevated secretion level caused by tolbutamide (Fig. 8C) . Essentially the same secretion pattern was observed when K ϩ was increased to 40 mM in the presence of tolbutamide plus TEA. Under this condition, both nifedipine and CoCl 2 were able to reduce the stimulated secretion down to basal levels (Fig. 8D) .
The mechanism by which the high external K ϩ concentration affected the Ca 2ϩ influx pattern was further characterized by substituting the increase of K ϩ by adding either 35 mM Cs ϩ or 35 mM Rb ϩ to a physiological level of K ϩ . Cs ϩ is known as an incomplete and Rb ϩ as a complete substitute for K ϩ in many ion transport systems (16 -17) . In fact, the depolarizing efficacy of adding 35 mM Cs ϩ came close to that of 15 mM K ϩ , whereas that of 35 mM Rb ϩ corresponded to the depolarizing strength of 40 mM K ϩ . Unlike 15 mM K ϩ , however, 35 mM Cs ϩ induced action potential spiking (Fig. 9A) . Compared with sulfonylurea-induced action potentials, they were of smaller amplitude and less frequent (data not shown). With the use of the voltage-clamp protocol as shown in Fig. 6 , 35 mM Cs ϩ affected the action currents in a manner closely similar to that of 15 mM K ϩ (compare Figs. 6A and 9B). Adding 35 mM Rb ϩ abolished the action currents and led to a marked sustained inward current, similar to the effect of 40 mM K ϩ (data not shown). The effect of Cs ϩ could be antagonized by 10 M nifedipine (Fig. 9B) , whereas that of 35 mM Rb ϩ was only susceptible to the blocking effect of CoCl 2 .
More importantly, the insulinotropic effect of Cs ϩ and Rb ϩ resembled that of 15 and 40 mM K ϩ , respectively. In the presence of basal glucose, 35 mM Rb ϩ induced a monophasic increase of secretion similar to the stimulatory effect of 40 mM K ϩ , whereas the addition of 35 mM Cs ϩ did not produce a clear secretory response (Fig. 9C) . However, when 35 mM Cs ϩ was added during perifusion of islets with a maximally effective sulfonylurea concentration, it induced a marked, first phase-like increase of secretion superimposed on the elevated secretion level caused by tolbutamide (Fig. 9D, compare with  Fig. 8C ).
DISCUSSION
The observations in this investigation suggest that a strong K ϩ depolarization of the ␤-cell plasma membrane yields a Ca 2ϩ influx with a pattern that is fundamentally different from the action current pattern elicited by nutrient secretagogues. This may have remained unnoticed thus far because the even level of K ϩ depolarization can be explained by the compensatory efflux of K ϩ through the open K ϩ channels, driven by the depolarizing effect of Ca 2ϩ influx (30) . Thus, it is theoretically possible that, during K ϩ depolarization, Ca 2ϩ influx proceeds in a discontinuous, action current-manner even though the membrane potential is an even plateau at the level determined by the Nernst equilibrium.
This scenario is most likely true for the depolarization of the ␤-cell by 15 mM K ϩ where action potentials appear superimposed on the K ϩ -induced plateau depolarization upon pharmacological closure of the K ATP channels. It is generally accepted that ␤-cell action potentials reflect transient Ca 2ϩ influx via VDCC (7, 19) , which in view of the strong inhibitory effect of nifedipine can be identified as L-type channels. Because Ca 2ϩ influx as such is depolarizing, the inhibition of compensating K ϩ efflux by tolbutamide is the logical explanation for the occurrence of action potentials. So, why did K ATP channel closure not generate action potentials when the K ϩ concentration was 40 mM and, in consequence, the membrane potential about Ϫ30 mV (10)? The Nernst equilibrium for Ca 2ϩ is far in the positive range, permitting further and even overshoot depolarization. The observation that tolbutamide augmented the depolarizing effect of 40 mM K ϩ without generating action potentials is compatible with the assumption that, under this condition, the Ca 2ϩ influx proceeds in a continuous manner. The same logic requires that block of Ca 2ϩ influx should have a repolarizing effect on K ϩ depolarization. This could in fact be observed. However, the repolarizing effect of a maximally effective concentration of nifedipine (10 M) was smaller than that of 2.5 mM CoCl 2 , in particular when the K ϩ concentration was 40 mM. Initially, the assumption was that nifedipine-insensitive VDCCs were involved, which are known to exist in the mouse ␤-cell (22, 28) . Because nifedipine was able to abolish all action currents when the depolarization was generated by current injection (voltage clamp) instead of K ϩ depolarization, the hypothesis came up that these methods of depolarization might not be functionally equivalent. Action potentials during physiological or pharmacological K ATP channel closure occur superimposed on a partially depolarized plateau of about Ϫ50 to Ϫ40 mV and are the consequence of, not the signal for, Ca 2ϩ channel opening. Because of this consideration, we used 10-mV depolarizations from a holding potential of Ϫ50 mV, which was sufficient to generate action currents with peak values of about 40 pA. Currents of comparable amplitude were generated in the conventional stimulation protocol by depolarizations from Ϫ70 to Ϫ30 mV (7). It is remarkable that nifedipine-sensitive action currents occurred continuously during constant depolarization at Ϫ40 mV, with amplitudes that were only slightly smaller than those of action currents that were triggered by 10-mV depolarizations from a subthreshold level of Ϫ50 mV. Apparently, return from inactivation to the resting state can proceed at such a continuous depolarized potential, and quite small depolarizations are sufficient to trigger renewed activity. It is known that activation of the L-type channel does not necessarily conform to a classical high-voltage characteristic (14, 27) .
A major piece of evidence that K ϩ depolarization does not produce the same pattern of Ca 2ϩ influx as K ATP channel closure (and by inference, nutrient secretagogues) is provided by the experiments combining voltage clamp and high external K ϩ under condition of minimized K ϩ conductance. Obviously, the effect of K ϩ on the action current duration was dependent on the membrane potential, since 15 mM K ϩ induced a significant but much less drastic prolongation of the action currents when these were triggered from a subthreshold holding potential. The prolonged action currents and the small continuous inward current elicited by 15 mM K ϩ appear to be a transition state between the regular action current pattern at physiological K ϩ and the continuous inward current as induced by 40 mM K ϩ . Here, the question as to whether more than one Ca 2ϩ influx pathway is involved came up again, since the effect of 15 mM K ϩ but not that of 40 K ϩ was inhibitable by nifedipine.
The following observations suggest that the continuous inward current is mainly conducted via L-type channels. The 
